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ABSTRACT 
In some industrial fields, such as aerospace, electro-hydrostatic actuators (EHAs) are increasingly used 
to replace conventional standard hydraulic actuators due to their better energy performance. Moreover, 
implementing different type or technology of actuators in redundant actuation systems working on the 
same moving part introduced some new challenges. This paper presents a force-tracking controller for 
an asymmetric electro-hydrostatic actuator that is submitted to an external motion generated by an 
external source. In this case, the rod displacement is considered as an external disturbance for the 
hydraulic cylinder, but it is assumed that this disturbance can be easily measured using sensors. The 
theoretical motivation of this work is discussed along and a variable gain state feedback control based 
on Linear Parameter Varying control (LPV) theory is proposed to achieve stability, disturbance 
rejection and tracking performance. The Linear Matrix Inequalities (LMI) framework is used to 
determine a control law including an augmented state feedback with an integral action that reduces 
trajectory-tracking errors. Simulation results of the control law are finally given to verify the global 
performance of this control design. 
Keywords: electro hydrostatic actuator, force control, Linear parameter variant.
1. INTRODUCTION 
Moving towards more electrical systems is 
generating significant efforts to develop electric 
powered actuators, especially in aeronautics and 
automotive industries. For such applications, it 
may be advantageous to combine a conventional 
hydraulic actuator and an electric power source. 
Nowadays, electro-hydrostatic actuators (EHA) 
have been considered in modern industries due to 
their reliability, durability, high energetic 
efficiency and less losses of energy. However, 
EHAs are highly nonlinear and complex systems. 
Nonlinearities are mainly related to hydraulic 
phenomena during the pushing and pulling stroke 
of the asymmetric cylinder such as variations of 
the fluid volume under compression, flow 
characteristics of orifices and pipes, and seal 
friction. Besides the nonlinearities, some 
uncertainties originate from fluctuation in 
supplied pump flow or variation of some 
parameters such as the bulk modulus and the fluid 
viscosity. All these considerations make the 
design of efficient controllers for EHAs really 
challenging. 
Most of the previous research works on force 
control in the case of hydraulic actuators consider 
that the rod is fixed or that its displacement is 
negligible. With this assumption, the volumes of 
the chambers are generally constant and the flow 
rate corresponds to the compressibility flow. The 
control synthesis is consequently simplified. 
The literature review brings out different 
control techniques to solve the force control 
problem, especially for servo controlled 
hydraulic actuators (SHA). Among these, PID, 
lead-lag controllers [1, 2], quantitative feedback 
theory (QFT) method [3, 4], self-tuning QFT 
control [5], feed-forward inverse model control 
[6], fractional order controller [7], hybrid fuzzy-
neural technique [8], nonlinear control 
algorithms [9, 10, 11] and robust 𝐻∞ control [12] 
have been applied. In these researches, some do 
not consider the inherent nonlinearities, friction, 
etc., and some are not practical. Predominantly, 
in most of these papers, first the effect of the rod 
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displacement is not taken into account or 
neglected, and second the stability of the inner 
states is not discussed. Beside, hydraulic 
architecture based on independent inputs have 
been proposed [13, 14, 15], this enables to 
simultaneously control the effort and the 
displacement. In this case, thanks to the two 
inputs the system stability is insured in the whole 
range of operating points. 
Therefore, the objective of this work is to 
analyze and design of a proper controller for the 
force trajectory tracking when the EHA is 
submitted to an external motion. The novelty is 
here to use a single pump in order to achieve force 
trajectory tracking. Consequently, difficulties 
arise since only one input is available and the 
motion (disturbance) can be antagonist to the 
force trajectory. Moreover, due to the fact that 
movement is considered as a disturbance, the 
EHA is just modeled by its hydraulic equations, 
which can be considered as a linear parameter 
varying (LPV) model as it will be shown in 
section 3. 
The study of LPV systems is motivated by the 
gain scheduling control design methodology. 
LPV control theory is advantageous because it 
provides a generic control synthesis method, 
which insures stability and performance over a 
wide range of parameter variation. In general, the 
solution to the LPV control analysis and synthesis 
problems is formulated as a parameter-dependent 
linear matrix inequalities (LMIs) problem, which 
corresponds to a special type of convex 
optimization problem. The LMI approach 
provides the design framework to determine 
feedback laws aiming at asymptotic stabilization 
including 𝐻∞ and robustness features [16, 17]. 
In this research, we will apply this method to 
solve numerically parameter-dependent LMIs 
associated with LPV analysis and synthesis in the 
case of the EHA force control. A state feedback 
control will be deduced by a direct application of 
Sum Of Squares (SOS) decompositions to the 
Lyapunov stability analysis for the LPV model. 
The remaining sections are organized as 
follows: first, in Section 2, we will start with 
basic background of LMI control theory and the 
formulation needed to solve the SOS problem. In 
Section 3, we will introduce the model of the 
system. Then, the LPV control model of the EHA 
submitted to an external motion will be 
formulated. In Section 4, we will design the 
integral state feedback controller based on 
introduced design procedure for an augmented 
model of the EHA. In section 5, before 
concluding, simulation results of closed loop 
system will be carried out to demonstrate the 
proposed control method and investigate the 
effectiveness and robustness of the proposed 
controller. The capability of the proposed 
controller will be compared with a controller with 
parameter-independent gains for the force 
tracking trajectory. 
2. LMI CONTROL THEORY 
This section presents the key concept of the 
control method proposed in this paper. First, we 
will introduce the basic of Lyapunov stability 
with the LMI framework. Next, we will formulate 
the LMI, in the form of Sum Of Squares (SOS). 
These concepts will be applied in Section 4 to 
derive a state feedback controller for an EHA 
submitted to an external motion. 
First, let us consider a representation of a LPV 
system as: 
{
?̇?(𝑡) = 𝐴(𝜌(𝑡))𝑥(𝑡) + 𝐵𝑢(𝜌(𝑡))𝑢(𝑡) + ⋯
                                …+ 𝐵𝑤(𝜌(𝑡) )𝑤(𝑡)
𝑦(𝑡) = 𝐶(𝜌(𝑡))𝑥(𝑡)
 (1) 
where 𝑥(𝑡) is the state vector, 𝑢(𝑡) is the control 
input, 𝑤(𝑡) is the exogenous inputs such as 
perturbation and 𝑦(𝑡) is the output of the system. 
 
Assumption1. The state vector 𝑥(𝑡) is 
measurable or can be estimated online. 
 
Assumption2. 𝜌(𝑡) and ?̇?(𝑡) are continuous and 
bounded functions of t ( hereafter 𝜌 will be used 
instead of 𝜌(𝑡)). 
 
Lyapunov theory states that the existence of a 
matrix 𝑃(𝜌) such that the quadratic Lyapunov 
function 𝑉(𝑥)  
𝑉(𝑥) = 𝑥𝑇𝑃(𝜌)𝑥 > 0 for all 𝑥 ≠ 0 (2) 
 
satisfies: 
?̇?(𝑥) = ?̇?𝑇𝑃(𝜌)𝑥 + 𝑥𝑇𝑃(𝜌)?̇? + 𝑥𝑇?̇?(𝜌)𝑥 <  0 (3) 
is a necessary and sufficient condition to ensure 
stability of the system. Equation (2) is a LMI and 
𝑃(𝜌) can be found by solving these inequalities. 
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Consider system (1) in closed loop with a state 
feedback controller, 𝑢 = 𝐾(𝜌 )𝑥. From (1), the 
closed loop model becomes: 
{
?̇? = (𝐴(𝜌 ) + 𝐵𝑢(𝜌 )𝐾(𝜌 ))𝑥 + 𝐵𝑤(𝜌 )𝑤
𝑦 = 𝐶(𝜌(𝑡) )𝑥
 (4) 
Furthermore, if a ℒ2 gain 𝛾 constraint for 
disturbance rejection (5) is added to the previous 
stability objective, the problem can be expressed 
similarly on finding a feedback 𝐾(𝜌 ) that 
satisfies the LMIs (2), (3) and (5). 
 
‖𝑦‖2
‖𝑤‖2
≤ 𝛾,      𝛾 > 0 (5) 
 
Figure 1: Acceptable pole placement area 
However, high controller gains can lead system 
to instability, due to the discrete-time 
implementation of the control law. In order to 
avoid this problem, an upper bound for the 
module of poles, 𝛼2, should be chosen for pole 
placement. Therefore, to guarantee prescribed 
performance requirements, the closed-loop pole 
locations must be restricted into a specific region 
(Figure 1). Equations (6) then define equivalent 
Lyapunov conditions. 
{
𝑉 (𝑥) >  0
?̇?(𝑥) <  −𝛼1𝑉(𝑥)
?̇?(𝑥) >  −𝛼2𝑉(𝑥)
 (6) 
The following theorem [19] presents the gain 
controller design using regional pole location 
constraints.  
 
Theorem 1: Consider the LPV system in closed-
loop with a state feedback controller (𝑢 =
𝐾(𝜌)𝑥 =  𝐿(𝜌)𝑋−1(𝜌)𝑥), as given in (4). The 
closed-loop system is stable with an 𝐿2 gain less 
than 𝛾 > 0, with its closed-loop poles in the 
specified area if there exists a positive definite 
matrix 𝑋(𝜌)  ∈ ℜ𝑛×𝑛 and a rectangular matrix 
𝐿(𝜌)  ∈ ℜ𝑚×𝑛 subject to (7-9), where 𝑋(𝜌) =
𝑃−1(𝜌) and 𝐿(𝜌) = 𝐾(𝜌)𝑋(𝜌). 
If such problem is feasible, a suitable controller 
gain is: 
𝐾(𝜌)  =  𝐿(𝜌)𝑋−1 (𝜌).  (10) 
Notice that theorem 1 features parameter 
dependent LMIs, as explained in [20]. These can 
be solved efficiently (convex optimisation) by the 
so-called SOS technique [21]. 
 
[
 
 
 
 
 
{
𝐴(𝜌 )𝑋(𝜌 ) + 𝑋(𝜌 )𝐴𝑇(𝜌 ) + 𝐵𝑢(𝜌 )𝐿(𝜌 ) +
𝐿𝑇(𝜌 )𝐵𝑢
𝑇(𝜌 ) −∑
𝜕𝑋(𝜌 )
𝜕𝜌
?̇?
} 𝐵𝑤(𝜌 ) 𝑋(𝜌 )𝐶
𝑇(𝜌 )
𝐵𝑤
𝑇(𝜌 ) −𝐼 0
𝐶(𝜌 )𝑋(𝜌 ) 0 −𝛾2𝐼 ]
 
 
 
 
 
< 0    (7) 
𝐴(𝜌 )𝑋(𝜌 ) + 𝑋(𝜌 )𝐴𝑇(𝜌 ) + 𝐵𝑢(𝜌 )𝐿(𝜌 ) + 𝐿
𝑇(𝜌 )𝐵𝑢
𝑇(𝜌 ) −∑
𝜕𝑋(𝜌 )
𝜕𝜌
?̇? < −2𝛼1𝑋(𝜌 ) (8) 
𝐴(𝜌 )𝑋(𝜌 ) + 𝑋(𝜌 )𝐴𝑇(𝜌 ) + 𝐵𝑢(𝜌 )𝐿(𝜌 ) + 𝐿
𝑇(𝜌 )𝐵𝑢
𝑇(𝜌 ) −∑
𝜕𝑋(𝜌 )
𝜕𝜌
?̇? > −2𝛼2𝑋(𝜌 ) (9) 
 
 
 
 
 
 
 
 
 
Definition of SOS: X is positive if 𝑋(𝜌) > 0 for 
all ∈ ℛ𝑛×𝑛. A way of establishing whether a 
function is positive consists of establishing 
whether it can be written as a Sum Of Squares 
(SOS) of polynomials. 
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𝑋(𝜌) =∑𝑋𝑖
2(𝜌) (11) 
Implementing SOS decomposition is interested 
because establishing whether a polynomial is 
SOS, leads to solving a convex optimization 
problem. Being stricter, the condition that 𝑋(𝜌) 
is SOS is computationally much more tractable 
than positivity; therefore, positivity condition of 
Lyapunov function can be replaced by the SOS 
condition. 
Theorem 2: [22] Consider system (1). Suppose 
that there exist a symmetric polynomial matrix 𝑋 
and, a polynomial matrix 𝐿, a parameter 𝜀1 > 0 
and an SOS polynomial 𝜀2: ℛ
𝑛 → ℜ such that 
- 𝑋(𝜌) − 𝜀1𝐼 > 0     is SOS 
- −(𝐴𝑇(𝜌)𝑋(𝜌) + 𝑋(𝜌)𝐴(𝜌) +
𝐿𝑇(𝜌)𝐵𝑇(𝜌) + 𝐵(𝜌)𝐿(𝜌) − ∑
𝜕𝑋
𝜕𝜌
?̇? +
𝜀2𝐼) > 0 is SOS 
Then, the origin of (1) is asymptotically stabilized 
by a state feedback given by (10). 
This technique is originally proposed for 
polynomial systems, but thanks to some new 
researches [23], it has been extended to non-
polynomial systems. 
3. MODELLING 
The test rig at which this study is applied is shown 
in Figure 2. It is a redundant system composed of 
an EHA connected directly to an 
electromechanical actuator (EMA). The EMA is 
position controlled, that is why it will be 
considered here as the external source generating 
motion trajectory. On the EHA side, several 
components are implemented, such as safety 
valves, electrical motor, hydraulic pump, sensors, 
etc. Beside the effect of the main components, the 
performance of the EHA is also affected by 
pressure losses in transmission lines, parameter 
changes during the working time, due to 
temperature change for example. 
 
Figure 2:  EHA-EMA test rig 
There are three different possible configurations 
of an EHA: Fixed Pump displacement and 
Variable Motor speed (FPVM), Variable Pump 
displacement and Fixed Motor speed (VPFM) 
and Variable Pump displacement and Variable 
Motor speed (VPVM). Our test rig is equipped 
with a VPVM configuration and enables 
therefore to consider the different ways of 
generating flow 
3.1. Simulation Model of EHA 
The simulation model has been defined to cross 
over the gap between control model and reality. 
It takes into account all the main components of 
the hydraulic parts and mostly based on physical 
characteristics provided by datasheets or direct 
measurements on the test rig. However, some 
hypothesis have been considered to avoid useless 
complexity: 
 The hydraulic transmission lines are short 
with reasonably large diameter to keep 
fluid flow velocities to a low value. In 
these situations, it is usually reasonable to 
ignore line resistance, relative line 
capacitance and fluid inertia, control valve 
resistance and the inertia of the actuator 
and load. 
 The inlet/outlet port pressures of the 
hydraulic pump are regarded equal to the 
pressures inside the chambers of the 
cylinder. 
 The behaviour of the system is supposed to 
be isothermal. 
 The pump/motor unit is an ideal flow rate 
unit. 
The simulation model has been developed in 
the Simcenter Amesim software from Siemens as 
shown in Figure 3. 
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Figure 3: Simulation model in Simcenter Amesim 
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Figure 4: Scheme of the control model 
3.2. Control Model of EHA 
A control model of the EHA (Figure 4) is 
deduced in this section with the following 
additional assumptions:  
 Dynamic of the pump is neglected. 
(Figure 4-3 ) 
 The recirculation valve is considered to 
have a linear characteristic and its dynamic 
is neglected. (Figure 4-2 ) 
 Safety and bypass valves are not modelled. 
 Minimum pressure of the tank is consider 
to be zero. 
As it is emphasized in Figure 4, the cylinder 
position, 𝑧, is negative when the cylinder extends, 
and positive otherwise, and the force, F, is 
positive if it is oriented against the velocity. 
The flow rate equations of the chambers can be 
obtained as the following expressions: 
𝑄𝑎 = 𝑆𝑎?̇? +
𝑉𝑎
𝛽
?̇?𝑎 + 𝑄𝑙 + 𝑄𝑣𝑎 (12) 
𝑄𝑏 = 𝑆𝑏?̇? −
𝑉𝑏
𝛽
?̇?𝑏 + 𝑄𝑙 − 𝑄𝑣𝑏 (13) 
where, 𝑃𝑎, 𝑃𝑏 are respectively the pressures in the 
cap side and rod side, and: 
𝑉𝑎 = 𝑉0𝑎 + 𝑆𝑎𝑧
𝑉𝑏 = 𝑉0𝑏 − 𝑆𝑏𝑧
 
(14) 
𝑉𝑎 , 𝑉𝑏  are volumes in each side of the actuator, 
𝑉0𝑎 , 𝑉0𝑏 are dead volumes and 𝑄𝑣𝑎 and 𝑄𝑣𝑏 
represent the flow rates due to the recirculation 
valve that can be expressed with:  
𝑄𝑣𝑖 = 𝐾𝑣𝑖𝑃𝑖   , 𝑖 = 𝑎, 𝑏  
{
𝐾𝑣𝑏 = 0 𝑖𝑓  𝑃𝑏 > 𝑃𝑎
𝐾𝑣𝑎 = 0 𝑖𝑓  𝑃𝑎 > 𝑃𝑏
 
(15) 
Finally, 𝑄𝑙 is the linear flow leakage between the 
chambers: 
𝑄𝑙 = 𝐾𝑓(𝑃𝑎 − 𝑃𝑏)  (16) 
The output, here the force applied by the 
hydraulic actuator on the moving mass, is a 
combination of the hydraulic force and 
mechanical, inertia and friction forces which are 
considered negligible compared to the hydraulic 
force, thus the output is expressed as: 
𝐹 = 𝑆𝑎𝑃𝑎 − 𝑆𝑏𝑃𝑏 (17) 
The effect of the transmission lines are neglected. 
So, the flows 𝑄𝑃, 𝑄𝑎 and 𝑄𝑏 are equal and a 
function of pump displacement and motor speed 
(18). Moreover, the VPVM configuration enables 
the flow rate of the hydraulic pump then to be 
expressed by the following equation: 
𝑄𝑃 = 𝐷𝑚𝑎𝑥𝜔𝑚𝑎𝑥𝑢 = 𝑄𝑚𝑎𝑥𝑢 (18) 
where ωmax is the maximum motor speed, 𝐷𝑚𝑎𝑥 
is the maximum hydraulic pump displacement 
and 𝑢 ∈ [−1 1] is the percentage of the 
maximum flow rate (𝑄𝑚𝑎𝑥) which will be taken 
as the command input. Let us define yet the 
following change of variable: 𝜌 = 𝑧, 𝑤 = ?̇?, 𝑥 =
[𝑃𝑎 𝑃𝑏]
𝑇 , 𝑦 = 𝐹. 
The LPV model of the EHA is then expressed 
as: 
{
?̇? = 𝐴(𝜌 )𝑥 + 𝐵𝑢(𝜌 )𝑢 + 𝐵𝑤(𝜌 )𝑤
𝑦 = 𝐶𝑥
 (19) 
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With: 
{
 
 
 
 
 
 
 
 
 
 
𝐴 =
[
 
 
 
 
−𝛽(𝐾𝑣𝑎 + 𝐾𝑓)
𝑉𝑎(𝜌)
𝛽𝐾𝑓
𝑉𝑎(𝜌)
𝛽𝐾𝑓
𝑉𝑏(𝜌)
−𝛽(𝐾𝑣𝑏 + 𝐾𝑓)
𝑉𝑏(𝜌) ]
 
 
 
 
𝐵𝑢 =
[
 
 
 
 
𝛽𝐷𝑚𝑎𝑥𝜔𝑛
𝑉𝑎(𝜌)
−𝛽𝐷𝑚𝑎𝑥𝜔𝑛
𝑉𝑏(𝜌) ]
 
 
 
 
, 𝐵𝑤 =
[
 
 
 
 
−𝛽𝑆𝐴
𝑉𝑎(𝜌)
𝛽𝑆𝐵
𝑉𝑏(𝜌)]
 
 
 
 
𝐶 = [𝑆𝑎 −𝑆𝑏]
 (20) 
Notice that, the control model involves two 
continuous dynamic models depending on the 
pressures 𝑃𝑎 and 𝑃𝑏 (15), which are both 
controllable and marginally stable for all 𝜌 ≤
𝜌(𝑡) ≤ ?̅? but uncontrollable model for 𝑃𝑎 = 𝑃𝑏. 
4. CONTROLLER SYNTHESIS 
In this section, a parameter dependent state-
feedback controller is designed for the force 
tracking of the EHA submitted to an important 
external motion. In order to compensate model 
uncertainties and achieving zero steady state 
error, an integral action is added to the state 
feedback controller. Figure 5 shows the scheme 
of the control including the state feedback and the 
integral action. Therefore, let us add in the state 
space model (19-20) an extra state, 𝑥𝑖, that is the 
integral of the output error:  
𝑥𝑖 = ∫(𝑦𝑑 − 𝑦)𝑑𝑡 = ∫(𝑦𝑑 − 𝐶𝑥)𝑑𝑡 (21) 
with 𝑥𝑎 = [𝑥
𝑇 𝑥𝑖]
𝑇 the augmented state 
vector, 𝑤𝑎 = [𝑤 𝑦𝑑]
𝑇 the augmented 
exogenous vector and 𝐶𝑎 = [𝐶 0] the 
augmented output vector and: 
 
𝐴𝑎(𝜌 ) = [
𝐴2×2 02×1
−𝐶1×2 0
], 
𝐵𝑎𝑢 = [
𝐵𝑢2×2
0
] , 𝐵𝑎𝑤 = [
𝐵𝑤2×1 02×1
0 1
] 
Let us now introduce the augmented model as a 
linear model with a scalar scheduling parameter: 
𝐴𝑎 = ∆
−1(𝜌)(?̂?0 + ?̂?1𝜌 + ?̂?2𝜌
2) 
𝐵𝑎𝑢 = ∆
−1(𝜌)(?̂?𝑢0 + ?̂?𝑢1𝜌 + ?̂?𝑢2𝜌
2) 
𝐵𝑎𝑤 = ∆
−1(𝜌)(?̂?𝑤0 + ?̂?𝑤1𝜌 + ?̂?𝑤2𝜌
2) 
where ?̂?𝑖, ?̂?𝑢𝑖 and ?̂?𝑤𝑖(𝑖 = 1,2,3) are constant 
matrices of the appropriate dimension and ∆(𝜌) 
is a polynomial factor that is always positive: 
∆(𝜌) =
𝑉𝑎(𝜌)𝑉𝑏(𝜌)
𝑉𝑎0𝑉𝑏0
  
Theorem 1 is applied to find the controller gains. 
Considering that 𝑋(𝜌) and 𝐿(𝜌) are chosen to be 
respectively a constant matrix and a linear 
polynomial vector defined by now: 
𝑋 = 𝑋0
𝐿 = 𝐿0 + 𝐿1𝜌
 
Therefore, 𝜕𝑋 𝜕𝜌⁄ = 0 and it is eliminated from 
(7-9). The controller gains,  𝐾(𝜌) =
[𝐾𝑥(𝜌) 𝐾𝑖(𝜌)], with the ℒ2 gain bound 𝛾 = 1 
are calculated using the Sedumi solver. The LPV 
controller gains are then derived thanks to (10) 
The earlier discussion explained that 
recirculation valve would provide different 
models and each model requests its own 
controller to overcome disturbances and ensure 
closed loop performance requirements. 
Therefore, employing switch between controllers 
is an essential issue. Moreover, stability of the 
whole system is guaranteed for 𝑃𝑎 < 𝑃𝑏 (or 𝑃𝑎 >
𝑃𝑏). However, switches will happen in pressure 
equalities (uncontrollable modes) where 
Ki(ρ ) dt Bu(ρ )
A(ρ )
Kx(ρ )
 dt C
Bw(ρ )
yxe
yd
w
u
 
Figure 5: Closed-loop scheme of the system 
226 12th International Fluid Power Conference | Dresden 2020
establishing stability of whole system is a 
complicated problem, which is not discussed 
here. 
5. SIMULATION RESULTS 
The goal of this section is to demonstrate 
feasibility of the LMI force controller and to 
illustrate the capability of the proposed approach 
for disturbance rejection in tracking force 
trajectory.  
Therefore, the controller is executed on the 
simulation model with the hypothesis introduced 
in section 3.1. Simcenter Amesim software from 
Siemens (see Figure 3) is used to examine the 
suggested controller. System parameters are 
given in table 1. 
The ability of the controlled system to follow 
a sine-wave trajectory, 𝑦𝑑 = 𝐹0 sin(2𝜋𝑡) + 𝐹1, 
with 𝐹0 = 7𝑘𝑁 and 𝐹1 = 2𝑘𝑁 is investigated in 
Figure 7, whereas the rod is submitted to different 
sinusoidal motions generated by the external 
source (Figure 6).  
Table 1: Parameters of the EHA 
Cylinder parameter Value  unit 
Cap end area Sa 0.0032 𝑚
2 
Rod end area Sb 0.0019 𝑚
2 
bulk modulus 𝛽 1700 𝑀𝑃𝑎 
Inactive volume 𝑉𝑎0 0.649 × 10
−3 𝑚3 
Inactive volume 𝑉𝑏0 0.387 × 10
−3 𝑚
3 
valve coefficient 
𝐾𝑣𝑎, 𝐾𝑣𝑏 
0.045 
𝐿/𝑠/𝑏𝑎𝑟 
Referring to Figure 7, the supplied force by the 
hydraulic actuator converged to the desired 
trajectory and the system showed good tracking 
performance and disturbance rejection for both 
imposed displacements.  
The simulation results of the pressures in the 
chambers are shown in Figure 8, which shows 
that the responses contain oscillations around 
pressure equalities due to the action of the 
recirculation valve. In addition, it can be 
observed that the pressures are bound by the 
lower value defined by the tank. 
However, for the force and displacement 
trajectories, the recirculation valve is always fully 
opened on the rod side for positive forces and on 
the cap side for negative forces. The related 
pressure of the chamber is therefore equal to the 
tank pressure, which means that the force is 
always affected by a single pressure. 
 
Figure 6: Imposed displacement trajectories 
Input saturation may cause oscillatory transient 
behavior or even instability, and a closer 
inspection of the control input is shown in Figure 
9. Here, as demonstrated, the control input is not 
saturated and therefore the oscillation of the 
pressures in Figure 8 can be mainly due to 
uncontrollability of the system while 𝑃𝑎 = 𝑃𝑏. 
 
Figure 7: Simulation results for tracking desired force 
trajectory 
Figure 10 shows the results obtained from the 
controller gains, as shown in the figure switches, 
which depend on the pressures 𝑃𝑎 and 𝑃𝑏. In 
addition, 𝐾𝑥 (𝑏𝑎𝑟
−1) and 𝐾𝑥𝑖 (𝑁
−1𝑠−1)  are the 
polynomial of displacement (𝜌(𝑡) or 𝑧(𝑡)). 
Although the variation of the gains is small, it is 
shown that good tracking performance cannot be 
achieved by constant gains, even for small 
displacements. 
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Figure 8: Simulation results for pressures 
The force tracking performance of the system 
submitted to a small amplitude sinusoidal motion 
(16mm) is shown in Figure 11. Clearly, the 
simulation results of the proposed approach (dash 
curve) presents better tracking performance 
properties compared to a state feedback controller 
with constant gains (dots curve).  
 
Figure 9: Control inputs  
 
Figure 11: Tracking force trajectory by variable and 
constant gain controllers 
 
Figure 10: Simulation results for gains: a) 𝑘𝑥1, b) 𝑘𝑥2, c) 𝑘𝑥𝑖 
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According to the carried out results, it can be 
concluded that the proposed controller improves 
the performance of the force control of the EHA 
when submitted to an external motion compared 
to state feedback controller with constant gains. 
In addition, the proposed controller guarantees 
significant disturbance rejection. 
CONCLUSION  
Due to the need for improved technology, 
industries have begun to use heterogeneous 
redundant actuation systems on their existing 
machines, leading to new challenges. Even 
though hydraulic power has always been 
recognized as being capable of applying high 
force, today it is necessary to overcome the 
problems caused by the force-fighting 
phenomenon that appears on redundant actuation 
systems. 
This paper addressed a new controller for an 
electro hydrostatic actuator, which had been 
submitted to an external motion. First, a linear 
parameter variant model has been deduced. 
Second, a state-feedback controller with 
parameter-variant gains such as integral action 
has been established on the basis of Linear Matrix 
Inequalities framework and the Sum Of Squares 
(SOS) decomposition. The feasible solution of 
the proposed controller design procedure 
guarantees the Lyapunov stability and the 
perturbation rejection. Finally, the ability of the 
designed controller to follow the desired force 
trajectory has been verified by the simulation. 
The designed gains of the controller gains depend 
only on the position that can be easily measured 
by the sensors.  
NOMENCLATURE 
𝑆𝑎 Cap end Area 
𝑆𝑏 Rod end Area 
𝑉𝑎0 Inactive volume cap side 
𝑉𝑏0 Inactive volume rod side 
𝛽 Bulk modulus 
𝑃𝑎 , 𝑥1 Pressure in cap side 
𝑃𝑏 , 𝑥2 Pressure in rod side 
𝑃𝑇 Tank pressure 
𝐾𝑓 Inter chamber leakage coefficient 
𝐾𝑣𝑎, 𝐾𝑣𝑏 Recirculation valve coefficient 
𝑧, 𝜌 Displacement of the cylinder 
𝑤 Velocity of the cylinder 
𝐹, 𝑦 Force 
𝑦𝑑 Desired Force 
𝑢 Control input 
𝐷𝑚𝑎𝑥 Hydraulic pump displacement 
𝜔𝑛 Nominal speed of electrical motor 
𝐾(𝜌) Controller gains 
𝑄𝑝 Pump flowrate 
𝑄𝑎 Transmission line flow rate 
𝑄𝑏 Transmission line flow rate 
𝑄𝑙 leakage flowrate 
𝑄𝑣𝑎 , 𝑄𝑣𝑏 Recirculation valve flow rate 
EHA Electro hydrostatic actuator 
SHA servo controlled hydraulic actuators 
EMA Electromechanical actuator 
LPV Linear parameter variant 
LMI Linear matrix inequality 
SOS Sum Of Squares 
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